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ABSTRACT

Geostrophic and Ekman transports calculated from observations of subsurface thermal structure and surface
winds are used to determine vertical velocities and transports as a function of time, depth, and longitude in the
equatorial Pacific within 5°S-5°N, 165°E-95°W during 1993-99 viaabox volume balance. The vertical transports
are determined in boxes of 10° of latitude by generally 15° in longitude. The corresponding vertical velocities
represent a spatial average over these regions. Both the total vertical velocity and the cross-isopycnal component
of the vertical velocity (approximated by the cross-isotherma component) are calculated on seasona and in-
terannual timescales. For the eastern equatorial Pacific (5°S-5°N, 155°-95°W) the mean vertical transport across
50 mis (24 = 3) X 10° m? s~*. Variability in the vertical velocity is large relative to the mean. On interannual
timescales this variability is well correlated with the local winds in the western portion of the study area, while
the correspondence is weaker in the east where wind variability is much smaller. At seasonal timescales there
is good correspondence between the vertical velocity and the local winds throughout the study region. The cross-
isothermal vertical velocity is significantly smaller than the total vertical velocity, and the means of both compare

VoLuMmE 31

Vertical Velocities and Transports in the Equatorial Pacific during 1993-99*

well with the few historical estimates available.

1. Introduction

Vertical water movement in the equatorial Pacific
ocean changes sea surface temperatures (SST), provides
nutrients for biological organisms in the near-surface
waters, and forms one part of the subtropical meridional
overturning cells that extend poleward from the equa-
torial region. Both the total vertical velocity (w) and the
cross-isothermal component of the vertical velocity (w)
are of importance, for different reasons. Near the equa-
tor, for example, w advects nutrients up into the euphotic
zone where they can be used by biological organisms,
while w,; plays an important role in the heat budget
because it represents that part of the vertical velocity
field involving diabatic processes and water mass con-
versions (Bennet 1986; Brady and Bryden 1987).

The existence of significant w on the equator has been
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recognized for several decades (Cromwell 1953; Knauss
1963; Wyrtki 1981; Wyrtki and Eldin 1982). The de-
termination of the magnitude of w, however, is quite
challenging. At the timescales of interest here (i.e., lon-
ger than a month) w is orders of magnitude smaller than
the horizontal water velocities and is very difficult to
measure directly. Most studies have instead tried to ob-
tain estimates of w indirectly from one of several meth-
ods: by diagnosing it from a small number of moorings
in cross-shaped or triangle-shaped deployments using
horizontal divergence in combination with the conti-
nuity equation (Halpern and Freitag 1987; Halpern et
al. 1989; Qiao and Weisherg 1997; Weisberg and Qiao
2000); by applying the continuity equation to horizontal
divergence estimated from shipboard acoustic Doppler
current profiler (ADCP) sections (Johnson and Luther
1994; Johnson et al. 2001); by applying geostrophic and
Ekman dynamics to historical hydrography and wind
datain abox volume balance (Wyrtki 1981; Bryden and
Brady 1985; Meinen and McPhaden 2001); by directly
measuring the mixed layer divergence using surface
drifters (Hansen and Paul 1987; Poulain 1993); or by
inferring w from tracer measurements (Quay et al. 1983;
Fine et al. 1983). Because of data limitations most of
these studies have been restricted to determining w at
either a single point within, or over limited areas of, the
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equatorial region. None of these historical efforts had
data over a long enough period to do a detailed study
of the seasonal and interannual variability of w in the
equatorial Pacific (for the purposes of this paper inter-
annual variability refersto all timescal eswithin our time
series that are longer than seasonal). Modeling studies
have been used to look at the variability of w but there
was little or no data against which to validate the model
outputs (Philander et al. 1987; Harrison 1996; Kessler
et al. 1998).

A recent study documented the horizontal transports
(geostrophic and Ekman) in the equatorial Pacific using
subsurface temperature data from moorings and ship-
board measurementsin concert with wind datasets (Mei-
nen and McPhaden 2001). Significant meridional and
zonal transport variability occurs on interannual time-
scales during 1993-99 as warm water is exchanged be-
tween the higher latitudes and the equatorial region.
That study also quantified w, across the 20°C isotherm
during 1993-99, aperiod that included weak interannual
variations during 1993-96 and major climatic swings
associated with the 1997-98 EI Nifio and 1998-99 La
Nifia events (McPhaden 1999). The cross-isotherm ver-
tical velocity was calculated over two regions: within
8°S-8°N, 156°E-155°W; and within 8°S-8°N, 155°-
95°W. Peak-to-peak vertical cross-isotherm transport
(W) changes of as much as 50 Sv (Sv = 10° m3 s1)
were observed between the 1997-98 EI Nifio and 1998—
99 La Nifia events.

The purpose of this study is to estimate the mean w
and its variability on seasonal and interannual time-
scalesin the equatorial region during the 1993-99 time
period. A box volume balance is applied using essen-
tially the same horizontal velocities as in Meinen and
McPhaden (2001). However, here we examine the ver-
tical velocity variability with higher vertical and zonal
resolution within the region 5°S-5°N, 165°E-95°W.
The paper is organized as follows. The observations
used for the study are described in section 2. The meth-
od of estimating the horizontal divergence, w, and wy
is discussed in section 3. The results are shown and
discussed in section 4. A summary is presented in sec-
tion 5. A discussion of the estimated errors appearsin
the appendix.

2. Data

Gridded surface and subsurface temperature mea-
surementswere provided by Neville Smith of the Bureau
of Meterology Research Centre (BMRC), Australia
(Smith 1995a,b). The BMRC dataset combines XBT
data with data from moorings, where available, using
an optimal interpolation process to create a gridded da-
taset with monthly values at every 1° of latitude and
every 2° of longitude at a set of 14 depths between the
surface and 500 m. Since about 1993, roughly three
quarters of the subsurface temperature information in
the BMRC data analysis between 5°S and 5°N derives
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from the Tropical Atmosphere and Ocean (TAO) Array
(Smith and Meyers 1996). The TAO array consists of
almost 70 ATLAS (Autonomous Temperature Line Ac-
quisition System) moorings spanning the equatorial Pa-
cific from 8°Sto 8°N, 137°E to 95°W (McPhaden et al.
1998). The ATLAS moorings measure subsurface tem-
perature at 10 depths in the upper 500 m as well as sea
surface temperature (SST), wind speed and direction,
and other surface meteorological parameters. A few cur-
rent meter moorings are deployed along the equator. The
limited spatial coverage of the velocity data, however,
reduces their usefulness for the purposes of this study.

TheReynolds SST analysis, which representsablend-
ing of satellite-based and in situ SST measurements
(Reynolds 1988; Reynolds and Smith 1995), was also
used for this study. These SST data are available on a
1° by 1° grid at weekly time intervals. We calculated
monthly averages for comparison with the other data-
sets.

Three different wind products were used for calcu-
lating Ekman transports as part of this study. The FSU
wind dataset, which combines measurements from ships
and buoys, provides monthly wind pseudostress on a 2°
by 2° grid. These data are provided by J. J. O’Brien and
D. M. Legler at The Florida State University via their
Web site (http://www.coaps.fsu.edu/woce/). A second
wind dataset was obtained from the European Centre
for Medium-Range Weather Forecasts. The ECMWF
winds are on a 2.5° by 2.5° grid and are derived from
an atmospheric general circulation model, which assim-
ilates measurements from many data sources including
ship and TAO buoy winds. We processed twice daily
ECMWEF analyses to monthly means for this study. A
third wind dataset was obtained from the scatterometer
measurements from the ERS-1, ERS-2, and National
Aeronautics and Space Administration Scatterometer
satellites (henceforth referred to as SCAT). The SCAT
measurements were blended into a weekly data set on
a 1° by 1° grid distributed by the Institut Francais de
Recherche pour I’Exploitation de la Mer (IFREMER;
http://www.ifremer.fr/cersat/). From these weekly data
we produced monthly mean winds. ECMWF and SCAT
wind velocities were converted into wind stress (7, 7,)
using a constant drag coefficient of 1.43 X 10-2 and an
air density of 1.225 kg m—3 (Weisberg and Wang 1997).
The FSU pseudostress was converted to stress using a
drag coefficient of 1.20 X 10-2 (Sirven et al. 1998)
because the larger drag produced stresses that resulted
in unusually large Ekman transports in comparison to
the other datasets. While the Ekman transports calcu-
lated using the different wind products did show some
inconsistencies, the effects of these differences on w
were small. For this reason only the results determined
using the ECMWEF product are shown in this paper.
ECMWF winds were chosen because Meinen and
McPhaden (2001) demonstrated that the ECMWF-de-
rived Ekman transports consistently agreed with at least
one of the other two products throughout 1993-99.
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Fic. 1. Location of the study area indicated by box. Shaded areas indicate land. Mean SST is contoured, contour
labels are in degrees Celsius.

Throughout the paper all of the datasets have been
monthly averaged. Seasonal cycles are determined over
the period 1993-96, which included two weak El Nifio
events in 1993 and 1994/95 as well as a weak La Nifia
event in 1995/96. The seasonal cycle is defined as the
monthly mean over these four years minus the four-year
(1993-96) mean. No smoothing is applied to the sea-
sonal cycles. Time series of interannual variability,
which have had the seasonal cycle removed, are
smoothed with a five-month running mean to remove
shorter-scale variability. Some figures include the long-
term mean in the interannual variability, some do not,
as noted in the figure captions.

3. Methods

The lateral boundaries for our study region (Fig. 1)
are chosen as follows. Conventional geostrophic and
Ekman dynamics cease to hold for meridional velocities
near the equator where the Coriolis parameter f goes
to zero. For this reason the meridional boundaries cho-
sen are at 5°S and 5°N where the meridional flows are
still well characterized by geostrophic and Ekman dy-
namics (Lagerloef et al. 1999). The zona boundaries
are chosen to maximize the extent of our region while
remaining in the areawhere sufficient data are available.
The western boundary at 165°E is chosen because that
was the westernmost line where sufficient shipboard
ADCP measurements are available during the 1990s for
a 2°S-2°N mean zonal velocity correction (discussed
below). Additionally, an examination of the zonal dis-
tribution of mean upwelling presented later suggested
that the vertical velocities tailed off toward 165°E, con-
sistent with the decrease in the zonal wind stress. The
eastern boundary at 95°W is chosen because that was
the easternmost line where both TAO array measure-
ments and shipboard ADCP data is available. Further-
more, the meridional divergencein the upper 50 m drops
significantly east of 90°W (Poulain 1993).

Asmentioned earlier there areinsufficient current me-
ter measurements to directly determine horizontal ve-
locity throughout the near-equatorial Pacific. Instead
these velocities are inferred from a combination of wind
measurements and subsurface temperature measure-
ments. The former provide estimates of the horizontal
Ekman transports via the traditional technique of relat-
ing surface stress to ocean transports (e.g., Pond and
Pickard 1983). The subsurface temperature measure-
ments are combined with historical hydrography to pro-
vide time series of dynamic height profiles, which can
then be differenced horizontally to give geostrophic ve-
locities. The determination of the geostrophic velocities
was done as follows: First historical hydrography was
used to determine empirical characteristics relating sub-
surface temperature to specific volume anomalies (Mei-
nen and Watts 2000); next the resulting profiles of spe-
cific volume anomaly were integrated vertically to give
dynamic height anomalies relative to 1000 m; finally
the time series of dynamic height anomalies were dif-
ferenced either meridionally or zonally to give time se-
ries of geostrophic velocity profiles relative to 1000 m.
The details of obtaining Ekman and geostrophic veloc-
ities are given elsewhere (Meinen and M cPhaden 2001).

Meridional transports and velocities are calculated at
5°S and at 5°N between the TAO mooring longitudes
(165°E, 180°, 170°W, 155°W, 140°W, 125°W, 110°W,
and 95°W). Zonal transports are calculated across the
longitudes of each of the lines of TAO moorings and
are then integrated between 5°S and 5°N. The zonal
transports cal culated right on the equator, where the Cor-
iolis parameter goes to zero and the Ekman and geo-
strophic relations break down, must be given special
consideration. Variations in the frictional component of
flow between 2°S and 2°N are neglected since these
flows are very shallow and weak with very small trans-
ports relative to the geostrophic currents (McPhaden
1981; Picaut et al. 1989). The zonal component of the
geostrophic velocity on the equator was estimated using
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the meridionally differentiated form of the geostrophic
approximation

92AD

pu= " @
where B, u, and AD represent the meridional derivative
of the Coriolis parameter, zona velocity, and dynamic
height anomaly, respectively. This practice, often called
equatorial geostrophy, has been shown to predict zonal
flows fairly well given sufficient temporal and spatial
sampling of the density field (Jerlov 1953; Arthur 1960;
Hayes 1982; Lukas and Firing 1984; Bryden and Brady
1985; Picaut et al. 1989; Picaut and Tournier 1991). The
second meridional derivative of AD is estimated from
the second derivative of a parabola fit to the dynamic
height values at 2°S, 1°S, 0°, 1°N, and 2°N. Picaut et
al. (1989) compared the results from applying a similar
second derivative method to the TAO buoys at 2°S, 0°,
and 2°N (in their case mathematically equivalent to av-
eraging the geostrophic estimates within 0°-2°N and
2°S-0°) to direct current meter measurements on the
equator at 165°E and 110°W. Their resultsindicated that
the variability of the zona currents at seasonal and in-
terannual timescales was well estimated using (1). They
also indicated, however, that the long term mean zonal
currents were not well determined by this method in all
examined cases.

To correct for amean bias in our transport estimates,
the time series mean zonal geostrophic transport be-
tween 2°S and 2°N within a series of vertical layerswas
compared to mean absolute transports determined from
a set of ship-mounted ADCP sections obtained by a
number of programs (Johnson et al. 2001). At least nine
ADCP sections were obtained along each TAO mooring
line during the 1990s. The differences between the geo-
strophic values and the mean ADCP measured values
were defined to be corrections for the mean geostrophic
values; these correctionswere determined both for trans-
ports above individual depth levels and above mean
isotherm depths. The latter assumes the currents move
up and down with the isotherms. Both corrections were
calculated for a series of isotherms and depth levels as
well as at a series of longitudes to document the zonal
structure of the correction. The corrections range in
magnitude from 2-3 Sv of westward flow in the upper
50 m at 170°W, where the magnitude of the South Equa-
torial Current has been underestimated by geostrophy,
to about 30 Sv of eastward flow for a layer integrated
down to 250 m at 125°W, where the Equatorial Under-
current (EUC) magnitude has also been underestimated.
Because these corrections derive from ADCP measure-
ments, and hence are absol ute vel ocities not geostrophic
velocities, the corrections include other terms such as
the mean frictional component of the velocities and the
vertical Coriolis term (Joyce et al. 1988).

Ekman transports were assumed to be confined to the
upper 50 m of the water column (Wyrtki 1981). Using
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FiG. 2. Diagram of the terms in the volume balance used to
estimate the vertical transport.

one of the recent data-based models of the vertical struc-
ture of ageostrophic velocity (e.g., Ralph and Niiler
1999) might provide more near-surface structure. How-
ever, because the Ekman velocities are expected to be
largest at the surface and to decrease significantly with
increasing depth, the use of one of these models in the
context of our experiment would probably not signifi-
cantly change results below 50 m. No attempt was made
to determine the vertical structure of the Ekman trans-
port within the upper 50 m and no vertical velocities
were calculated within the upper 50 m. The net hori-
zontal transports in the upper 50 m were determined by
combining the vertically integrated geostrophic trans-
port within that layer (relative to a level of no motion
at 1000 m) with the Ekman transport.

Included within W (total vertical transport) are both
across and along isopycnal flows. With a diagnostic
model of the equatorial Pacific, Bryden and Brady
(1985) demonstrated that the W, (cross-isotherm ver-
tical transport, which is roughly equivalent to the cross-
isopycnal flow in this region) is much smaller than W.
Both W and W, were determined as part of this study.
The estimation of W across a depth level assumed both
that volume is conserved in a box and that the volume
transport through the ocean surface is negligible (Fig.
2). If the bottom of the box is defined to be a depth
surface, then

W = Vnorth + Veesl - Vsouth - Vwes(! (2)

where W denotes the vertical transport across the base
of the box, V denotes a horizontal volume transport
integrated above the box base, and the subscripts denote
the sides of the box. The signs of the terms arise from
defining northward, eastward, and upward transports to
be positive. The transports across the four sides of the
box each have both Ekman and geostrophic components.
The depth level used for the bottom of the box can vary,
the only difference being the vertical range over which
the geostrophic transports are integrated, so W can be
estimated at a range of depths. Note, however, that the
50-m Ekman layer depth is the shallowest level that can
be used for the base of the box. For this study W was
determined across depth levelsat 10-mintervalsranging



3234

from 50 m to 1000 m. As mentioned earlier, the zonal
transports were integrated between 5°S and 5°N, while
the meridional transports were integrated separately be-
tween pairs of TAO lines ranging from 165°E to 95°W.
This gives seven boxes along the equator, each spanning
5°S-5°N and all but one spanning 15° of longitude. (The
exception spans only 10° of longitude between the date
line and 170°W.)

If the base of the box in Fig. 2 is, instead, defined as
a temperature surface and the horizontal transports are
integrated from the sea surface down to that temperature
surface, then it is possible to estimate the component
of the transport across the isothermal surface, W;;. The
important thing to keep in mind is that this represents
avolume balance in a box with a moving bottom, where
the bottom moves as the isotherm in question moves up
and down. Here W, is given by

B

Wciza_‘—q/nonh—i_ 'Veesx_
where B denotes the volume of water in the box, 7
denotes a horizontal volume transport integrated above
a particular isotherm surface, and the subscripts denot-
ing the sides of the box. Again the horizontal volume
transports have both Ekman and geostrophic compo-
nents. B is calculated using the monthly BMRC sub-
surface temperature data and 9B/dt is determined as the
centered differences between these monthly values. This
calculation can be done for a series of different iso-
therms simply by looking at the transports of water
warmer than that isotherm across the four horizontal
sides and the changes in the depth of that isotherm.
Again, because of the assumption of an Ekman layer
50 m deep, the bottom of the box must be at least as
cold as the coldest temperature observed at 50 m.

The W, calculated from (3) is more than simply W
cos(6), where 6 is the angle the isotherm surface makes
with horizontal, because the horizontal velocities can
have cross-isotherm components and so must also be
considered. If the isotherm slopes upward to the east
(i.e., no meridional slope) then W, = W cos(6) — U
sin(#) where U is the zonal transport. Estimates of W,
calculated using this latter method are similar to the
results of (3). However, for the results shown hereafter
the method employing (3) is used because it is simpler
to implement and requires fewer assumptions.

Estimates of w (total vertical velocity) and w; (cross-
isotherm vertical velocity) can be derived from W and
W, simply by dividing by the horizontal area of the box.
The lack of meridional resolution, however, means that
the vertical velocities obtained are averages across 5°S
to 5°N, as well as across the zonal range of each box.
Higher meridional resolution would be desirable
through this latitude band, given the meridional struc-
ture of zonal currents. As already mentioned, however,
the determination of meridional velocities through geo-
strophic and Ekman dynamics limits our results to av-

{Vsouth - ‘Vwea ’ (3)
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erages between 5°S and 5°N. Repeat ADCP sections,
while noisy, suggest that in the time mean the upper
100 m between 4°S and 5°N is dominated by upwelling
(Johnson et al. 2001). The more abundant surfacedrifter
data, however, suggest that mean equatorial surface di-
vergence may be confined between 2°S and 2°N, with
smaller surface convergences flanking the equator be-
tween 2° and 8° latitude (Johnson 2001). This structure
cannot be resolved here.

4, Results

This section presents the vertical transports and ve-
locities, and is organized into three subsections: a pre-
sentation of the horizontal divergence above 50 m and
150 m; a presentation of the total vertical velocity (w)
and the cross-isotherm vertical velocity (w,) asafunc-
tion of longitude and time across the basin; and a pre-
sentation of w and w,; spatially averaged over the east-
ern portion of our study areaunder the* Cold Tongue,”
a region of anomalously cold SSTs along the equator
in the eastern Pacific (Philander 1990). Each subsection
is organized into a discussion first of the time mean,
then of the variability. The section ends with compar-
isons with historical estimates. As noted earlier only
results using ECMWF winds are shown; root-mean-
square differences with results using other wind prod-
uctswere about 0.10 X 10->m s~* (roughly 10%—-30%
of the peak-to-peak vertical velocity signal in each
small box).

a. Horizontal velocity structure and divergence

While the zonal and meridional geostrophic velocities
were calculated relative to alevel of no motion at 1000
dbar, the majority of the vertical shear in the horizontal
velocities was found between the surface and 300 m
(Fig. 3). Both the zonal and meridional transport com-
ponents indirectly provide evidence of vertical motion.
The shoaling of the eastward flowing EUC toward the
east necessitates some vertical motion. Also, in the me-
ridional direction the geostrophic convergence towards
the equator occurs over the upper 200 m, while the
Ekman divergence (not shown) is expected to occur in
a much shallower layer, for the purposes of this study
above 50 m. This difference in depth ranges necessitates
vertical motion to complete these meridional circulation
cells based on mass conservation.

The contribution of the geostrophic and Ekman trans-
ports to the horizontal divergence in the upper 50 m
within 5°S-5°N, 165°E-95°W was calculated for the
period January 1993 through September 1999 (Fig. 4).
The geostrophic convergence was broken into zonal and
meridional components. The divergence dueto the zonal
Ekman transports was so small that only the full Ekman
divergence is plotted, noting that it is strongly domi-
nated by the meridional component.

The Ekman transports are by far the largest compo-
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Fic. 3. Mean horizontal geostrophic velocity profiles during 1993-96 (relative to a level of no motion at 1000 m).
Zonal velocities (left panel) are averaged between 5°S and 5°N and are across the longitudes indicated in the legend.
Meridional velocities (right panel) are averaged between 165°E and 95°W and are across the latitudes indicated in the
legend. Zonal velocities between 2°S and 2°N were corrected using the ADCP measurements described in the text prior
to the meridional averaging, and hence include a portion of the directly wind-forced mean flows.

nents of the mean horizontal divergence above 50 m,
discharging on average about 60 Sv of warm near-sur-
face water towards the poles (bold tick marks on right
axis of the upper panel of Fig. 4 show the 1993-96
mean values of the divergence components). The mean
meridional geostrophic convergence in the upper 50 m
counteracts around half of the Ekman divergence while
the mean zonal geostrophic convergence plays a much
smaller role in the mean total divergence. The mean
total horizontal divergence above 50 m from the region
within 5°S-5°N, 165°E-95°W was about 30 Sv. Because
volume must be conserved, this mean total horizontal
divergence must be balanced by an equivalent upwelling
across 50 m. This corresponds to a spatialy averaged
temporal mean upwelling velocity of about 0.24 X 10-°
ms—t =+ 0.02 X 10->ms—* (see appendix for discussion
of error estimate).

Variability of the total horizontal divergence above
50 m (and hence W across 50 m) is largely controlled
by meridional Ekman divergence (Fig. 4, lower panel).
The total divergence and Ekman divergence agree in
magnitude and phase, and both exhibit prominent annual
and semiannual cycles. In addition, thereisasignificant
annual cycle to the zonal geostrophic convergence that
contributes to the total divergence. At interannual time
scales the dominant variability appears to be in the me-
ridional geostrophic and Ekman transports (Fig. 4, upper
panel), with the signals in both during the 1997—98 El
Nifio event exceeding the corresponding signal in the
zonal geostrophic convergence.

Integrating the divergence downward from the sur-
face to 150 m gives a different picture (Fig. 5). In the
layer above 150 m the mean meridional Ekman diver-
gence nearly matches the mean meridional geostrophic
convergence in magnitude (again, bold tick marks on
right axis of the upper panel of Fig. 5 show the 1993—
96 mean values of the divergence components). The
mean total horizontal divergence and the zonal geo-
strophic convergence have nearly equal mean values of
approximately zero (bold ticks overlay one another in
Fig. 5). At seasonal timescales the zonal geostrophic
divergence variability has over twice the peak-to-peak
amplitude of the Ekman and meridional geostrophic sig-
nals (Fig. 5, lower panel). These seasonal variationsin
zonal geostrophic convergence, like those over the shal-
lower 0-50 m layer, are associated with wind-forced
low baroclinic mode equatorial Kelvin and Rossby
waves (see, e.g., Fig. 13 of Yu and McPhaden 1999).
The greater prominence of the zonal geostrophic con-
vergence in the upper 150 m vis-a-vis the upper 50 m
on seasonal timescales is consistent with greater depth
scale of these waves compared to the depth scale for
Ekman flows. The increase in magnitude of zonal geo-
strophic convergence between the upper 50 m and upper
150 m on interannual time scales (cf. Figs. 4 and 5,
upper panels) is also consistent with the vertical co-
herence of low baroclinic mode equatorial waves. At
interannual timescales, there is a tendency for meridi-
onal Ekman divergence and geostrophic convergenceto
balance one another over the upper 150 m (Fig. 5, upper
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FiG. 4. Divergence in the upper 50 m within 5°S-5°N, 165°E-95°W for 1993-99. Upper panel: Interannual
variability after removal of seasonal signal (but still including time series mean). Lower panel: Seasonal
variability. Positive values indicates flow out of the box. Mean values of the total horizontal divergence
(Ekman plus geostrophic), Ekman divergence (including both zonal and meridional Ekman divergence how-
ever meridional strongly dominates), meridional geostrophic divergence, and zonal geostrophic divergence
areindicated by bold ticks on right axis of upper panel with thelabels T, E, M, and Z, respectively. Divergence

is measured in Sverdrups [Sv = 10°® m3 s71].

panel). This indicates that over the seven-year period,
the shallow meridional overturning circulation in the
interior ocean tends to be confined above 150 m. The
balance is not perfect though, particularly during 1997—
99 when there were major equatorial wave induced ver-
tical displacements of the thermocline extending to 150
m associated with the 1997-98 El Nifio and 1998-99
La Nifla (McPhaden and Yu 1999).

Wyrtki (1981) suggested that the majority of the zonal
convergence/divergence for the equatorial Pacific was
below 50 m within the EUC. Our results indicate a
significant mean (1993-96) zonal convergence (~6 Sv)
within the layer above 50 m, demonstrating that not all
of the zonal convergence is confined to the EUC. In
fact, integrated down to 150 m the mean zonal conver-
gence is nearly zero, indicating the zonal convergence
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Divergence in the upper 150 m within 5°S-5°N, 165°E-95°W: Interannual variability including the long-term mean
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Fic. 5. Divergence integrated over upper 150 m. Details follow Fig. 4.

above 50 m is counteracted by a zonal divergence be-
tween 50 and 150 m.

b. Vertical velocity and transport as a function of
longitude and time

The mean vertical structure of the total vertical ve-
locity (w) along the equator tends to follow the ther-
mocline structure and the mean 7, (Fig. 6, middle and
upper panels). The peak upwelling at 50 m coincides
fairly well with the strongest westward winds, offset by
about 15° longitude. The mean w decreases with in-
creasing depth and tends to change sign below the main
thermocline. It should be kept in mind, however, that

the error bars on w increase with increasing depth (see
appendix). At 200 m the estimated accuracy of the mean
w averaged over 15° of longitude is = 0.28 X 105 m
s~1, indicating that below about 200 m the w estimates
are not statistically meaningful. Further, the error esti-
mates quoted here are estimates of the measurement
errors and do not include the standard error of the mean
(SEM) since the SEM would vary for each box in which
w was estimated. The SEM was determined at each
longitude and depth where w was determined; for the
mean values of w shown here the SEM never exceeded
0.16 X 10-° m s~* above 200 m and were never large
enough to significantly increase the total estimated error
bar (defined as the square root of the sum of the squares
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of the mean was large enough to indicate the calculated means were not robust. Upper panel shows temporal mean zonal wind averaged

along 5°S and 5°N. Positive wind stress indicates westward flow.

of the SEM and the measurement errors). At greater
depths, however, the SEM became comparable to or
larger than the measurement error estimates. The ten-
dency for negative w below the main thermocline has
been observed in other studies (Bryden and Brady 1985;
Weisberg and Qiao 2000), however, which gives some
confidence in the observed trend. A later section will
present amore complete discussion of comparisonswith
historical estimates of w.

As discussed earlier, (3) was used to determine the

cross-isotherm component of the vertical velocity, w
(Fig. 6, lower panel). The calculation of w, was some-
what noisier than for w because (3) involves additional
variability (due to the rate of change of volume above
each isotherm surface). The SEM was determined for
the w,; values as well, and regions where the SEM was
higher than 0.20 X 105 m s~* were defined to be re-
gions wherein the mean value could not be accurately
determined using the four-year time series. This cutoff
was chosen because this value is comparable in mag-
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nitude to the estimated measurement accuracy and thus
the error bars estimated in the appendix would signif-
icantly underestimate the true error about the mean for
SEM greater than the cutoff. Values of the SEM larger
than this cutoff occurred only for w, estimates west of
170°W, collocated with the largest variations in the Ek-
man transports and the largest zonal geostrophic veloc-
ity variations.

The temporal mean structure of w, (Fig. 6, lower
panel) has some similarities to the structure of w (Fig.
6, middle panel), with upward flow at shallower depths
in the eastern Pacific and a transition to downward flow
occurring near the middle of the main thermocline. The
transition between upward and downward flow in the
eastern Pacific was shallower for w than it was for w.
This difference is statistically significant and it has im-
plications for how the vertical advection term impacts
the overall heat budget.

The east—west structure of w and w, was fairly similar,
with the strongest upward velocities occurring near the
location of the peak westward winds (and hencethe stron-
gest meridional Ekman divergence). For both w and w
the peak upwelling occurred dlightly east of the peak in
7, dthough for wy this peak location was difficult to
determine for certain since the 24°C was the warmest
isotherm used for the calculation of w,. In general, for
both w and w, the mean vertical velocities trend from
upwelling near 50 m to downwelling at 200 m.

Throughout the basin the temporal variability inw and
w, was fairly coherent in the vertical although the am-
plitude of the variability did exhibit some changes with
depth. Furthermore the variations in w,; were generally
consistent with, but of smaller amplitude than, the var-
iations in w. Because of these structural similarities be-
tween w and w,; and their vertical coherences, we doc-
ument only the variability of w at a depth of 50 m.

Most of the time w at 50 m was positive (upwelling)
though there was significant zonal and temporal vari-
ability around the mean (Fig. 7, upper panel). In order
to study this variability in greater detail at different
timescales, seasonal cycles of both w and 7, were es-
timated using the data from 1993-96 (Fig. 7, middle
panel). Interestingly, both the 7, and w signals include
aprominent semiannual component with westward wind
anomalies in boreal winter and summer, and eastward
wind anomalies during boreal spring and fall. There is
a corresponding pattern in w, with upwelling anomalies
corresponding to westward wind anomalies and down-
welling anomalies corresponding to eastward wind
anomalies. The seasonal variations in w have a peak-
to-peak amplitude of about 0.40 X 10-5> m s~*. In the
eastern part of the basin, w at 50 m shows the largest
positive seasonal anomalies in January and February,
with a secondary maximum in July and August. The
largest negative anomalies occur during April and May,
with a secondary maximum in September and October.
At seasonal timescales the correspondence between 7,
and w is very good, but not perfect. We expect that
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remotely forced Rossby and Kelvin waves may be im-
portant at both annual and semiannual periods (Meyers
1979; Busalacchi and O’ Brien 1980; Yu and McPhaden
1999). Nevertheless, the correspondence between the
local 7, and w suggests that local wind forcing is playing
a dominant role. This agreement with the winds is con-
sistent with the divergence plot (Fig. 4, lower panel),
which showed the seasonal Ekman variability to be the
largest component of, and to be in phase with, the total
horizontal divergence.

Poulain (1993) also found a semiannual signal in his
estimates of upwelling. However, he showed maximum
positive w anomalies across 50 m during April through
June, with a secondary maximum in October and No-
vember, and maximum negative anomalies during Feb-
ruary and March, with a secondary maximum in August.
It should be remembered, however, that the results of
Poulain (1993) represent a w averaged over only 1°S—
1°N, while our results refer to velocities averaged over
5°S-5°N. This differencein meridional averaging scales
could be one reason for the observed differences be-
tween results. Kessler et al. (1998) presented an ocean
general circulation model estimate of the seasonal signal
in w near the equator at 110°W. The model seasonal
cycle showed no semiannual signal for the upwelling.
However, the seasonal cycle of wind stress forcing in
that study was based on FSU windsfor the period 1961—
90, during which there was apparently aless pronounced
semiannual signal. All three wind products tested for
this study (ECMWEF, FSU, and SCAT) exhibited a semi-
annual signal when averaged along 5°S and 5°N for the
period 1993-96.

Removing the mean seasonal cycle aswell asthefour
year (1993-96) mean highlights the interannual vari-
ability (Fig. 7, bottom panel). As with the seasonal var-
iations, there is a tendency for the upwelling anomalies
to be associated with anomalous westward winds and
downwelling anomaliesto be associated with anomal ous
eastward winds. The relationship is not quite as clean
asfor the seasonal cycle, especially during the early part
of therecord (1993-95) when the wind and w anomalies
are small. The best agreement between the phasing of
7, and w occurs in the western part of the study region
during the 1995-96 La Nifa, the 1997-98 El Nifia, and
the 1998-99 La Nifla. Interannual variability of =, and
w in the western part of our region is correlated at the
95% significance level, with 7, leading by 1-9 months.
This indicates that the local 7, variability results in a
strong response in w, although the broadness of the
correlation peak indicates that nonlocally forced Rossby
and Kelvin waves must also be playing a significant role
in the w variability (Boulanger and Menkes 1999;
McPhaden and Yu 1999). In the eastern part of the basin,
correlations are not statistically different from zero at
the 95% level for any lag, which may be due to the
small magnitude of the 7, variability in the east and to
the relatively large influence of remotely forced equa-
torial waves.
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FiG. 7. Zonal wind stress 7, and vertical velocity w at 50-m depth. The 7, are averaged at 5°S and 5°N. The w represent an average over
5°S-5°N and over 10°-15° of longitude; raw monthly estimates are accurate to within =0.32 X 10-5 m s~ and seasonal signals are accurate
to within £0.18 X 10~> m s~ (see appendix). Color shading denotes w, white line denotes zero w. Solid black contours indicate westward
7, (or westward anomalies), dashed black contours denote eastward 7, (or eastward anomalies). Contour interval for winds is 0.01 N m—2
on upper two panels, 0.0025 N m~2 on lower panel, with bold line indicating zero. Top panel shows full w and r,, middle panel shows the
1993-96 seasonal cycle, bottom panel shows interannual variability after the removal of the seasona cycle and the 1993-96 mean. Note
that color contour interval on middle and lower panel is half that of color contours on top panel.
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Seasonal variability in SST (color) and vertical velocity (black contours)
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Fic. 8. Reynolds SST anomaly averaged between 5°S and 5°N as a function of longitude and time. Zero SST anomaly is indicated by
white contour. Vertical velocity overlaid as black contours; solid contours denote upwelling tendencies, dashed contours denote downwelling
tendencies. Top panel shows the 1993-96 mean seasonal cycle, bottom panel shows interannual variability after the removal of the seasonal

cycle and the 1993-96 mean.

An interesting comparison can be made between w
at 50 m and the SST (Fig. 8). At interannual timescales,
there tends to be a negative correlation between the SST
and w at 50 m (Fig. 8, bottom panel). Throughout the
time series there is a tendency for upwelling coincident
with cold SSTs and vice versa, especially in the central
and eastern equatorial Pacific. This tendency is consis-
tent with the expectation that upwelling of cold, deeper
waters will cool the SST, while downwelling isolates
the surface from the deep cold waters and warm SST
anomalies can form due to the other terms in the heat
balance. This correspondence is least apparent in the
west where the waters roughly between 100 m and 50
m are of nearly the same temperature as those above 50
m due to the deep thermocline (Philander 1990). As
such vertical advection would have less effect on the
surface heat balance and hence the SST in the western
part of our region. The agreement between SST and w
is hardly exact even in the east, however, as should be
expected since woT/oz is only one part of the surface
layer temperature balance (Wang and McPhaden 1999;

Wang and McPhaden 2000). Furthermore, the temper-
ature balance indicates that in fact it is the temporal
derivative of SST, which should correspond to woT/9z,
so some phase lags are to be expected between SST and
w. At seasonal timescales the agreement between the
SST and w (Fig. 8, top panel) is poor even considering
a phase lag. A marked semiannual signal exists in w,
while there is no equally strong semiannual cyclein the
SST. This suggests that the woT/oz term in the surface
layer heat budget may not be playing a dominant role
at seasonal timescales, although the disparity could also
result from some combination of the other terms in the
heat budget obscuring the signal due to vertical advec-
tion. As noted above, the vertical advection term does
seem to play asignificant role at interannual timescales.

c. Vertical velocity in eastern equatorial Pacific

There is considerable interest in quantifying the mag-
nitude of the vertical velocity in the eastern equatorial
Pacific because of its impact on SST. For this reason,
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w and w,; were integrated over the ‘' Cold Tongue” re-
gion, defined in this study as being within 5°S-5°N,
155°-95°W. The mean vertical profile of w for this re-
gion indicates upwelling above about 160 m and down-
welling below (Fig. 9). Thelatter isstatistically different
from zero based on the estimated accuracy of our w
(including the SEM).

Averaged over this region, w, is much smaller than
w (Fig. 9), as is expected based on earlier work (e.g.,
Bryden and Brady 1985). There is a trend in both w
and wj; to transition from positive values, or upwelling,
above 100 m to negative values, or downwelling, below.
While the estimated error bars become quite large below
200 m, because of the vertical integration of errorsin
the horizontal divergence, there is a tendency for both
w, and w to approach zero below 250 m. As discussed
earlier the upper meridional circulation cells were gen-
erally contained above 150 m; the resultsin Fig. 9 sug-
gest that the deeper meridional circulation cells must be
confined to between 150 m and 400-500 m in the in-
terior equatorial Pacific ocean (i.e., away from the west-
ern boundary currents).

The sign change in w, occurs about 60 m shallower
than for w, consistent with earlier studies (Bryden and
Brady 1985; Weisberg and Qiao 2000). The transition
from positive w,; to negative w,, demarcates the layers
in this region where, on average during 1993-96, layers

were either gaining heat or losing heat. At adepth where
w,, is positive, waters that were below thelocal isotherm
are moving upward across the isotherm and are hence
becoming warmer. At a depth where w,; is negative,
waters that were above the local isotherm are moving
downward across the isotherm and are hence becoming
colder. Warming or cooling occurring in a time-mean
sense does not violate the conservation of heat because
the waters in these regions do not stay in these regions;
they regularly move out of the equatorial band toward
the poles and then return after modification by mixing
and air—sea interaction at higher latitudes. The mean
profile of w, thereforeindicatesthat in thisregion waters
above 105 m are being warmed on average while waters
below 105 m and above about 300 m are being cooled
on average.

Vertical heat advection by w is one term in the heat
balance for any particular layer. However the mean pro-
file of w for this region has a significantly deeper zero-
crossing (160 m), indicating that net heating and cooling
determined from the w,; profile is not solely due to the
vertical advection term. A complete heat balance is be-
yond the scope of this paper. Nonetheless, these results
do indicate that the horizontal advection, horizontal
mixing, and net surface heat flux terms must be com-
bining to play arole in the heat balance at least com-
parable to that played by the vertical advection.



NovEMBER 2001

Seasonal signal in T,

MEINEN ET AL.

3243

(at 5°S and 5°N) and w (averaged 5°S-5°N, 155°W-95°W), both including time series mean
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Fic. 10. Time series of w and 7, in the **Cold Tongue’
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region. The 7, are averaged within 155°-9!
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resulting means at 5°S and 5°N are then averaged with each other. Positive 7, indicate westward winds. The w represent an average over
5°S-5°N, 155°-95°W. Upper two panels: Seasonal cycles in 7, and w, respectively, both determined over 1993-96 and including the 1993—
96 mean. Lower two panels: 7, and w, respectively, after the removal of the seasonal cycle (but still including the 1993-96 mean).

The time series of the spatially averaged w anomalies
for the **Cold Tongue” region shows obvious seasonal
and interannual signals (Fig. 10). The correspondence
between the seasonal signal in 7, and w at 50 m men-
tioned earlier is quite apparent, and the peak-to-peak
amplitudes of the seasonal w signal (Fig. 10, upper pan-
el) are nearly as large as the peak-to-peak amplitudes
of the interannual signal during the 1997-98 El Nifio
event (Fig. 10, lower panel). The poor correspondence
mentioned earlier between the interannual signal in 7,
and the interannual signal in w across 50 m is shown
more dramatically here, with large variations in w oc-

curring in late 1993, mid 1995, and all of 1998 with
little or no corresponding signal in 7,. This highlights
the importance of Kelvin and Rossby waves to the ver-
tical velocity signals in the *“Cold Tongue’’ region on
interannual timescales.

d. Comparison to historical vertical velocity
estimates

For the purposes of this paper, historical w estimates
in the eguatorial Pacific can be broken up into three
categories: those which determine W (vertical transport)
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estimates over a region (e.g., Wyrtki 1981; Quay et al.
1983; Bryden and Brady 1985; Poulain 1993; Johnson
and Luther 1994; Johnson et al. 2001); those which
determine w (vertical velocity) at a point directly on the
equator (e.g., Halpern and Freitag 1987; Halpern et al.
1989; Qiao and Weisberg 1997; Weisbherg and Qiao
2000); and those which determine vertical boundaries
for w based on tracers but do not make W or w estimates
(e.g., Wyrtki and Eldin 1982; Fine et al. 1983). The first
kind of study presents the best opportunities for com-
parison against our results. Only those studies which
spanned the same range of latitudes can be directly com-
pared to our estimates because of the considerable me-
ridional structure in w between the equator and 5°S and
5°N (Johnson and Luther 1994; Johnson et al. 2001).
Furthermore, most of the historical studies did not ad-
dress seasonal or interannual variability, so this com-
parison must focus on the temporal mean. Finally, nearly
all of these studies focused on the central and eastern
portion of the equatorial Pacific; thus we present a com-
parison of profiles of w in the eastern equatorial Pacific
(Fig. 11). Asthese historical studies each determined a
W over essentially the same latitudinal range (5°S-5°N)
but over slightly different longitudinal ranges, the his-
torical estimates have been adjusted to account for the
different regional surface areas by scaling up (for those
which used smaller zonal ranges) or down (for those
which used larger zonal ranges) by the ratio of the sur-
face areas. With one exception [the results of Johnson
et al. (2001)] the area adjusted results generally agree
quite well for both W (upper panel, Fig. 11) and W
(lower panel, Fig. 11).

Quay et al. (1983) used historical hydrography to
develop a two-dimensional budget for bomb “C distri-
butions, and their estimate for the W at the base of the
50-m mixed layer of 26 = 7 Sv (scaled to correspond
to our region) agrees well with our mean result of 24
+ 3 Sv. The Quay et al. (1983) study only published
an error bar for the 50-m w estimate, not their deeper
estimates, and the Wyrtki (1981) and Bryden and Brady
(1985) estimates did not provide error estimates. The
Johnson et al. (2001) estimate of W at 50 m (57 = 16
Sv) issignificantly larger than for any of the other stud-
ies. Johnson et al. (2001) used repeated shipboard-
ADCP transects to develop a set of mean horizontal
velocity estimates and then used these horizontal ve-
locities and the equation of continuity to determine w
as a function of latitude and depth averaged longitu-
dinally over 170°W to 95°W. In contrast to the other
regional studies, Johnson et al. (2001) used direct ve-
locity measurements, not geostrophic and Ekman dy-
namics-based estimates. Asnoted in that study, however,
the direct velocity measurements were quite noisy,
which may help to explain the significant difference
from the other studies shown in Fig. 11. Furthermore,
Johnson et al. (2001) included data from during the
strong 199798 El Nifio and 1998-99 La Nifa events
in developing their mean w estimates; Figs. 7 and 10
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indicate significant interannual variations in w during
those events so by including 1997—99 in the calculation
of the mean they may have biased their estimated mean
value.

The historical studies which provided point estimates
of w on the equator cannot be directly compared against
our w estimates, nor can those studies which only pro-
vided vertical boundaries for the upwelling. The vertical
structure of the profiles, however, can be compared.
Weisberg and Qiao (2000) determined that the transition
from upwelling to downwelling was near 140 m, ap-
proximately at the core of the EUC, while Halpern and
Freitag (1987) found it near 160 m, and Bryden and
Brady (1985) found the zero crossing at about 180 m.
Quay et al. (1983) determined the zero crossing to be
at 225 m at 155°W based on the tracer pattern, roughly
consistent with the results shown in Fig. 6. Fine et al.
(1983) found the zero crossing at the depth of the 16°C
isotherm, about 200 min their data, based on the tritium
signal. Our study found the zero-crossing at about 160
m, in the midrange of these other estimates. The dis-
tinction between these various depths may be simply
due to noise in the estimates since the determination of
w is quite noisy from all of these methods. The dis-
agreement could also be due to the fact that the various
volume balance estimates of w [ours along with Quay
et al. (1983) and Bryden and Brady (1985)] represent
an average over 5°S-5°N, while the estimates of Weis-
berg and Qiao (2000) are point measurements directly
on the eguator. Because the EUC is tightly confined
along the equator (Johnson et al. 2001), an average over
5°S-5°N may not be well suited to determining the zero-
crossing of w within the EUC. On the other hand, the
differences (if real) may be significant for both dynam-
ical and material property balances (Weisberg and Qiao
2000). Weisherg and Qiao (2000) argue that the tran-
sition to downwelling occurs at the core of the EUC,
and thus significant downwelling is suggested in the
lower part of the current, whereas these other studies,
including our own, indicate that the downwelling is con-
fined below the core of the EUC.

The agreement in vertical structure is better among
the w, estimates. Weisberg and Qiao (2000), Bryden
and Brady (1985), and our study indicate the transition
from upward to downward w, occurs within 100-125
m, at or above the core of the EUC. This better agree-
ment arises despite some differences in how the w
estimates were made [our study used a volume balance
technique to obtain w; while both Bryden and Brady
(1985) and Weisberg and Qiao (2000) used their w es-
timates in combination with the observed isotherm
slopes]. As mentioned previously, tests with our data
indicate the two different techniques result in estimates
which are indistinguishable within our estimated error
bars.

5. Summary and conclusions

This study has used geostrophic and Ekman transports
calculated from observations of subsurface thermal
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Fic. 11. Mean (1993-96) profiles of w averaged within 5°S-5°N, 155°-95°W. Both w (solid line, upper

panel) and w, (dashed line, lower panel) are shown.

Bold error bars indicate estimates of the accuracy.

Estimates of w,; are plotted at the mean depth of each isotherm used (noted on right axis) within this region.
Also shown are historical estimates of vertical transports and velocities where the historical estimates have
been scaled to compare directly to our region. Note that Bryden and Brady (1985) cross-isothermal transports
have been plotted at the depths observed during our experiment, which varied by 10-15 m from the isotherm
depths they observed. Thin error bars have been added to estimates that included published error bars.

structure and surface winds to determine vertical trans-
ports (W) and velocities (w) as afunction of time, depth,
and longitude in the equatorial Pacific within 5°S-5°N,
165°E-95°W during 1993-99 via a box volume esti-
mate. The determination of W was in boxes of 10° of
latitude by generally 15° in longitude and the corre-
sponding w thus represents an average over these re-

gions. The balance between meridional geostrophic and
Ekman transports strongly dominates the total horizon-
tal divergence in the upper 50 m averaged over 165°E—
95°W at interannual timescales, while the zonal geo-
strophic convergence-divergence plays an important
role at seasonal timescales. Integrating over the top 150
m shows that at interannual time scales the meridional
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geostrophic and Ekman transports largely cancel one
another during the weak El Nifio and La Nifia events
during 1993-96, and as a result the variations of the
total horizontal divergence reflect mainly changesin the
zonal geostrophic convergence. During the large El
Nifio and La Nifa events in 1997-99 the meridional
divergence and zonal convergence played roughly equal
roles in varying the total horizontal divergence above
150 m.

There is significant seasonal and interannual vari-
ability to the w signals in the equatorial Pacific. At
seasonal timescales, w at 50 m is well correlated to the
local winds. The same can be said for w at 50 m for
interannual timescales in the western portion of our re-
gion, given awind stress lead of 1-9 months, although
the broadness of the correlation peak indicates that
changes in w are also influenced by nonlocally forced
equatorial waves. In the eastern portion of our region
the relationship is less well defined on interannual time
scales. The lack of a relationship between w and 7, at
interannual time scales in the east may imply that the
variations in w in that region due to 7, variations are
being overwhelmed by the signals due to nonlocally
forced waves.

The vertical structure of the mean w determined over
1993-96, a period chosen because of relatively weak
interannual variability, shows upward flow within most
of the Equatorial Undercurrent and above, with down-
welling below, particularly in the eastern equatorial Pa-
cific. The cross-isotherm component of the vertical ve-
locity (wg) in the region 155°—95°W transitions from
positive to negative near 105 m, about 60 m shallower
than w. Our estimate for the mean W within 5°S-5°N
compares well with the few historical box volume es-
timates which have been made even though the data
used in those studies came from different decades (Wyrt-
ki 1981; Quay et al. 1983; Bryden and Brady 1985).
The basic structure of the vertical velocities, showing
upwelling across the entire range of observed longitudes
(165°E-95°W) at 50 m is consistent with previous mod-
eling results (Philander et al. 1987).

While this study does not provide any information on
the meridional structure of w, it does provide an ob-
servationally based look at the longitudinal structure of
w and w, as well as the seasonal and interannual var-
iability of w. This information should be useful for not
only physical oceanographic models of the equatorial
Pacific circulation but also models of the near-surface
biology and chemistry. The estimates made in this study
also provide information on one of the most poorly
known inputs to the upper-ocean heat budget, namely
vertical velocity, and as such may improve future budget
estimates. A future heat-budget analysisis planned over
this same region to study the impact of vertical heat
advection and the cross-isotherm component of vertical
heat advection.
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APPENDIX

Accuracy of the Vertical Transport and Velocity
Estimates

A detailed analysis of the errors in the geostrophic
and Ekman transports used in this study, as well as the
errors in the estimation of the volume of water above
particular isotherms, has been presented elsewhere
(Meinen and McPhaden 2001). Four distinct types of
error that affected the estimated accuracy of the trans-
ports and volume, were discussed: instrumental, meth-
odological, spatial sampling, and temporal sampling er-
rors. Temporal sampling errors, quantified by determin-
ing the standard error of the mean (SEM), vary based
on the time series in question and hence cannot be in-
cluded in an error analysis that seeksto provide asingle
error estimate quantity calculated at several separate
sites. The errors described in this appendix represent
estimates of the instrumental, methodological, and spa-
tial sampling errors, jointly referred to here as mea-
surement errors. Within the text the SEM has been in-
cluded where appropriate.

Ekman transport accuracy, which is difficult to quan-
tify directly, was estimated by determining the root-
mean-squared difference between the Ekman transports
determined using the three different wind products as
discussed in section 2. The largest error in determining
the geostrophic transports relative to a level of no mo-
tion (no method was devel oped to quantify the error due
to the level of no motion assumption used outside 2°S—
2°N) results from variability in the temperature-salinity
relationships used to convert the measured temperatures
into dynamic heights. As such the geostrophic transport
accuracies were determined by quantifying the errors
that would be expected based on the observed temper-
ature and salinity scatter in alarge hydrographic data-
base for this region and time period. Note that Meinen
and McPhaden (2001) integrated the zonal transports
across 8°S-8°N, whereas this study only used 5°S-5°N,
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and that study also calculated meridional transports
across 8°S and 8°N, whereas this study used 5°S and
5°N. Regardless of these distinctions, the error esti-
mation techniques applied are identical. The resulting
net horizontal transport error estimates based on the
Meinen and McPhaden (2001) technique are used in this
appendix to derive estimates for the accuracy of the
vertical transports and velocities. Estimates are pre-
sented for the accuracy of the vertical velocity across
50 m, 200 m, and 20°C; other error bars discussed in
the text were determined in the same manner.

The accuracy of the vertical transports is dependent
on the spatia averaging region and thus must be quan-
tified for the three separate size boxes discussed in this
paper, each of which spans 5°S-5°N: boxes spanning
15° of longitude; a box spanning 60° of longitude; and
the full region box spanning 100° of longitude. Re-
gardless of which box size is used, the accuracy of the
net zonal transport convergence is only a function of
the vertical integration range since all three box sizes
have the same meridional range. The size of the net
meridional transport convergence errors depends on the
zonal extent of the box because the Ekman transport
error estimates increase over larger zonal integration
ranges. The meridional geostrophic transport accuracy
is independent of the zonal extent. [Recall that the geo-
strophic transport across a section with constant latitude
depends only upon the difference in baroclinic stream-
function between two points, not on the distance be-
tween those points (Fofonoff 1962).]

The net zonal convergence integrated down to 50 m
is accurate to within 5.3 Sv using monthly values and
1.5 Sv for the 1993-96 time mean. Degrees of freedom
were estimated viaan integral time scal e technique (Em-
ery and Thomson 1997). Integrated down to 200 m these
error estimatesincreaseto 17.3 Sv and 4.8 Sv. For boxes
15° of longitude wide, the net meridiona convergence
above 50 m is accurate to within 2.9 Sv and 0.8 Sv for
monthly and time mean values; integrated down to 200
m these values increase to 6.5 Sv and 2.1 Sv, respec-
tively. For boxes 60° of longitude wide, the net merid-
ional convergence above 50 m is accurate to within 7.3
Sv for monthly values and 1.8 Sv for time mean values,
integrated down to 200 m these values increase to 9.3
Sv and 2.6 Sv, respectively. For the full region box 100°
of longitude wide, the net meridional convergence
above 50 m is accurate to within 10.9 Sv (monthly) and
2.6 Sv (mean); integrated down to 200 m the estimated
error is 12.3 Sv (monthly) and 3.2 Sv (mean).

The resulting accuracy for monthly values of the total
vertical transport across 50 m was 6.0 Sv, 9.0 Sv, and
12.1 Sv for 15°, 60°, and 100° wide boxes, respectively.
The accuracy for mean values of the total vertical trans-
port across 50 m was 1.7 Sv, 2.3 Sv, and 3.0 Sv, re-
spectively. For the monthly vertical transport across 200
m the accuracy was 18.5 Sv, 19.6 Sv, and 21.2 Sv for
15°, 60°, and 100° wide boxes, respectively. For the
mean vertical transports across 200 m the accuracy was
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5.2 Sv, 5.5 Sv, and 5.8 Sv for 15°, 60°, and 100° wide
boxes, respectively. These vertical transport accuracy
estimates can be converted to velocity accuracy esti-
mates simply by dividing by the box surface areas.

Theerrorsintheresidual estimations of vertical cross-
isotherm transports are a combination of the errors in
the horizontal convergence and the error in the estimate
of the volume of water above a particular isotherm.
Meinen and McPhaden (2001) estimated the error in
determining the volume of water above 20°C within
8°S-8°N, 156°E-95°W to be 1.5 X 10* m? for amonthly
value and 6.0 X 10* m? for aroughly seven-year mean.
Scaling these down for our smaller regions we estimate
the accuracy of the water volume monthly (mean) values
to be 1.3 X 102 m3 (5.2 X 10" m?3), 5.2 X 102 m3
(2.1 X 102 m3), and 8.6 X 102 m3 (3.4 X 102 m?)
for 15°, 60°, and 100° wide boxes, respectively. The
corresponding rate of change errors that would impact
the vertical cross-isotherm transports would be 0.7 Sv
(0.3 Sv), 2.8 Sv (1.1 Sv), and 4.7 Sv (1.9 Sv) for 15°,
60°, and 100° wide boxes respectively. These estimated
errors are generally quite a bit smaller than the net hor-
izontal convergence error estimates and as such the es-
timated accuracy of the cross-isotherm vertical trans-
ports is nearly equivalent to the estimated accuracy of
the total vertical transport at the depth of the particular
isotherm.
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